The knowledge of the existence of liquid water under extreme conditions and its concomitant properties are important in many fields of science. Glassy water has previously been prepared by hyperquenching micron-sized droplets of liquid water and vapour deposition on a cold substrate (ASW), and its transformation to an ultraviscous liquid form has been reported on heating. A densified amorphous solid form of water, high density amorphous ice (HDA), has also been made by collapsing the structure of ice at pressures above 1 GPa and temperatures below ~140 K, but a corresponding liquid phase has not been detected. Here we report results of heat capacity C p and thermal conductivity, in-situ, measurements, which are consistent with a reversible transition from annealed HDA to ultraviscous high-density liquid water at 1 GPa and 140 K. On heating of HDA, the C p increases abruptly by (3.4 ± 0.2) J mol -1 K -1 before crystallization starts at (153±1) K. This is larger than the C p rise at the glass to liquid transition of annealed ASW at 1 atm, which suggests the existence of liquid water under these extreme conditions. \body 3
Unlike most liquids that vitrify by normal supercooling, water vitrifies only by hyperquenching of its micron-size droplets and its porous amorphous state is made by vapor deposition (1, 2, 3) . Pure bulk water densified by high pressure also does not vitrify on normal cooling, instead it freezes to proton-disordered high-density ices. However, in 1984 Mishima et al. (4) discovered a path to obtain a high-density amorphous ice (HDA) by pressurization of hexagonal ice, ice Ih, to ~1.5 GPa at 77 K. This amorphous form is characterized by the absence of Bragg peaks but it is heterogeneous on a mesoscopic length scale (5) . On heating at high pressures above ~0.5 GPa (6), it relaxes, homogenizes and densifies before crystallization, and the ultimately densified form has been referred to as very high density amorphous ice (vHDA) (7) . There are thus a multiplicity of amorphous states with densities in between HDA and vHDA, which are produced by isothermal pressurization of ice Ih at temperatures below ~140 K, and these are here generically referred to as HDA.
States of water at extreme pressure and temperature conditions are important for, e.g., understanding of tectonics in large bodies of the outer solar system where ice is one of the rock-forming minerals (8) , and for water's phase diagram and properties (9) , but it is not known whether HDA transforms to glassy and liquid states on heating. This work reports the first high-pressure, in situ, heat capacity C p study of HDA just below its crystallization point where a glass to liquid transition may occur. It is here shown that HDA exhibits a glass transition with a heat capacity rise larger than that for amorphous solid water and hyperquenched water at 1 atm, which suggests a thermodynamic path between the annealed state of HDA and liquid water. The glass transition at 1 GPa is observed as a sigmoid shape change in C p and a peak in thermal conductivity for a time scale of ~1 s at 140 K.
Results and Discussion
Measurements were performed in situ by using the transient hot-wire method (see Material and Methods and SI text) that allowed for simultaneous measurement of heat capacity per unit volume, c, (or the product of the specific heat capacity and density), and thermal conductivity κ. About 17 ml of pure water was frozen in a Teflon cell (Fig. S1 ) placed inside a high pressure vessel, and the pressure raised to ~0.05 GPa. The sample was cooled to ~ 100 K, reheated and stabilized before it was pressurized isothermally at (129±1) K to 1.25 GPa at 0.1 GPa h -1 rate to collapse ice Ih to HDA. The results on cooling at 0.05 GPa agreed to within 2% with literature values (Fig. S2 ).
Fig . 1A shows that c of ice at 129 K gradually decreases linearly on pressurizing up to 0.7 GPa. This is the region in which ice lattice elastically deforms and the volume decreases while the phonon frequency increases, as generally observed for materials. The latter decreases c whereas the reduced volume increases c. On compression of ice up to a pressure of 0.7 GPa, the slowly decreasing c is due to the effect of pressure predominantly on the phonon frequency. On further compression, c rapidly decreases and reaches a local minimum at 0.84 GPa. As collapse of the ice structure begins, the initial increase in density decreases c rapidly as a premonitory occurrence to its full collapse, after which decompression does not restore the original structure of ice. Neutron scattering studies (10) have shown that as structural collapse occurs, extra H 2 O molecules are forced to move into the first coordination shell of the hydrogen bonded four near neighbors of a reference H 2 O molecule. The density increases initially gradually, but the phonon frequency increases much more rapidly. The overwhelming effect of the latter causes c to decrease rapidly. In the pressure range 0.85 -1.0 GPa, the structure strongly densifies as the extra H 2 O molecules enter their (interstitial) sites in first coordination shell. * The resulting large and irreversible increase in density dominates, and c increases rapidly as the structure ultimately collapses with increasing pressure to HDA, which has a structure similar to that of high-density liquid water (10, 11) . On further compression, the collapsed structure homogenizes with a likely overall increase in the diffusion time. The consequence of such an increase near a glass transition would be an irreversible decrease of c, like that observed here in the 1 to ~1.15 GPa range, until the homogenization approaches completion (see also
SI text).
In this process, the orientationally-disordered structure of ice (12) The sample was then heated from 100 K to 148 K at 0.4 K min -1 rate and subsequently cooled to 100 K at 0.3 K min -1 at 1 GPa before reheating. On first heating of the collapsed state at 1 GPa, κ increases in a broad sigmoid shape manner (Fig. 2B) , as the state relaxes to a lower energy and the structure densifies. On cooling from 148 K, the slope becomes negative and a peak appears at 140 K. On subsequent heating, κ retraces its path and a peak reappears at 140 K. This shows that the results become reversible after the first heating to 148 K, which yields the state referred to as vHDA (7) . Moreover, the peak or change in the sign of dκ /dT at 140 K is typical for the onset of kinetic-unfreezing on heating and of kinetic-freezing on cooling. It is commonly observed at glass-liquid transitions, and is generally reported for e.g. those of polymers (15) . It likely occurs mainly as a result of a change in the thermal expansivity. On further heating, κ increases rapidly showing that crystallization began at (153±1) K, and this exothermic process was also detected by an accelerated rate for the sample temperature increase, as shown in Fig. 2A (see SI text for a detailed analysis of the crystallization temperature).
In the plot of the measured c of the relaxed state at 1 GPa (second heating), shown by the circles in Fig. 3A , a sigmoid-shape increase appears with onset at 140 K. This is a characteristic feature of a glass transition which shows the temperature range of kinetic unfreezing, and from which the glass transition temperature T g is determined. Since the density of the annealed state at 1 GPa changes by less than 1% over the temperature range of interest, the plot of c is effectively the plot of C p , the specific heat per mole. To show the sigmoid-shape change more clearly, c in (18) and
at T g of the low density amorphous ice, which forms from HDA on heating to ~125 K at 1 atm.
The C p rise at 140 K shows that there is an increase of configurational degrees of freedom, ‡ which is normally associated with both translational and rotational diffusion. A dielectric spectroscopy study (20) has already shown the presence of reorientational † T g of water is debated, but in a review by Debenedetti (9) it was concluded that most experimental observations support T g =136 K and, thus, that the C p step at T g of ASW and
HGW are 1.9 J mol -1 K -1 and 1.6 J mol -1 K -1 , respectively. ‡ The change in the heat capacity at T g may also include a change in the vibrational part, but the major change is due to configurational modes. 
Conclusions.
Compression of ice at ~130 K to ~1.3 GPa slowly collapses it to a topologically disordered solid. On heating at 1 GPa, the structure of the solid relaxes and the relaxed state shows a glass transition with a heat capacity increase larger that for the glass to liquid transition at 1
atm. This suggests that the collapsed ice state transforms to liquid water on heating, which vitrifies on subsequent cooling or, in other words, that glassy and liquid water are connected by a reversible path under these extreme conditions. This high density state of water is apparently favorable for suppressing crystallization, which does not occur until the relaxation time becomes less than 10 -2 s. The relatively sluggish crystallization kinetics promotes further studies of water's properties in its ultraviscous high-density state than is possible for the rapidly crystallizing ultraviscous liquid water at 1 atm. Moreover, since ice is one of the rock-forming minerals in the outer Solar system and most of the ice moons of Jupiter and Saturn have had some form of tectonic or internal activity, one expects that this activity would have been greatly affected by the glass transition of water with temperature change at high pressures (8) . The glass transition at 1 GPa is also essential for progressing the knowledge of water's phase diagram, which may include two liquid water phases of different densities that have a common phase coexistence line at low temperatures (9) . The results reported here imply the existence of at least one of these, a low-temperature highdensity liquid water phase. rates. Measurement of κ commonly shows a peak at a glass transition (6), i.e., a change in the sign of dκ /dT, as is also observed here for the annealed state of collapsed ice (HDA).
Material and methods

Measurements
When a sample crystallizes on heating, the temperature of the sample rises and in the DSC technique, the resulting heat loss appears as an anomalous decrease in c with increasing T. Crystallization also affects the measurements done here but appears as an anomalous (irreversible) increase in c. This stems from the manner of crystal growth that occurs generally at random sites in the sample, but since the temperature rise and decay begins at the hot-wire probe in this technique the wire acts not only as a nucleation site but also as a site of preferred growth. Moreover, the exothermic process increases the temperature rise of the wire probe. A finite element analysis by using Eq. S1 and subsequent fitting of Eq. S2 showed that c increases artificially when an ice layer forms on the probe and when the wire probe is heated by the exothermic process. Decrease in C p observed on heating in DSC is also an artefact, and is useful for determining the enthalpy loss from the C p dT integral. This is not possible by this technique, but it opens the possibility of studying glassy water and its transition by measuring changes in thermodynamic properties when other methods are not usable at high pressures.
Comparison with previous results. Previously reported dielectric spectroscopy results [7, 8] show that a relaxation process can be detected in the dielectric data on heating of the high density amorph at 1 GPa (Fig. S3) . Thus, dielectric results suggest that there is a glass transition in the high density amorph. This is an important result, which strongly corroborates that the heat capacity increase observed here at 140 K is also due to a glass transition. Fig. S3 shows a comparison between the dielectric loss ε'' at 0.16, 3 and 10 Hz and the heat capacity measured on heating at 1 GPa. The rise in the heat capacity occurs at 140 K for a time scale t HW of about 1 s. This means that if the temperature of maximum loss at ~0.16 Hz (=1/(2*π*t HW )) occurs near 140 K, then the heat capacity rise and the dielectric loss peak are most likely due to the same process. The results shown in Fig. S3 verify that this is the case. Crystallization temperature and heat capacity increase at the glass transition temperature T g . To accurately establish the heat capacity increase at T g , it is necessary to determine the temperature at which crystallization affects the results by growth of a thin ice layer on the probe, as described above. This was done through a systematic study using temperature cycles at 1 GPa. However, the experiments on pressure-amorphization of ice in this high-pressure assembly are particularly prone to failure because the slow rate of pressurization, large sample volume and/or in-situ measurements causes the amorphous solid-ice Ih mixture to frequently crystallize in the broad pressure amorphization range of 0.8 GPa to 1.1 GPa. Moreover, the probe wire occasionally breaks. An average of less than one in five attempts to amorphized a sample, each requiring at least three days, is successful. To practically enable the study, water doped with tetrahydrofuran (THF) (less than 0.5 mol%) was tested after seven consecutive failures, and since the first attempt succeeded it probably reduced the tendency of abrupt crystallization during the amorphization process.
The collapsed state of this sample was formed by slow pressurization at 130 K up to 1.2 GPa. The pressure was thereafter decreased to 1 GPa at which the sample was temperature cycled several times, where each cycle refers to a heating run to above T g and a subsequent cooling run to a temperature well below T g (typically below 115 K). The sample was first cycled three times to a temperature in the range 147-148 K, thereafter once to 149 K and 151 K, respectively, and then finally to 153.5 K. As shown in Fig S4, only the final temperature cycle to 153.5 K gave irreversible results, which were caused by slow crystallization. (Calculations, as described above, indicate that a ~5 µm thin crystalline ice layer had formed on the wire probe. This thin ice layer causes an about 7 % anomalous irreversible increase in c like that observed in the measurements, but only a 0.8%
anomalous decrease in κ. The experimental results of κ are essentially unaffected, which is likely due to slight crystal growth in the sample that gives a real increase that counteracts the anomalous decrease. Since the sample remains almost 100 % amorphous, the glass transition feature still appears in both c and κ on cooling.) Due to the large heat capacity of the vessel, which gives sluggish changes from heating to cooling as well as slow heating and cooling rates, these numerous cycles meant that the sample had spent about 7 h above T g before crystallization was observed in the range 151-153.5 K. The results for the cycle up to 151 K were reversible and therefore not subjected to error caused by slow crystallization on the wire probe despite that the sample remained ~20 min within 0.5 K of 151 K during the temperature cycle. The maximum excess heat capacity for the 151 K cycle agrees with that obtained at about 153 K on continuous heating of pure water using 0.4 K/min rate. Moreover, at about 153 K, the thermocouple recording indicated an exothermic process on continuous heating of the pure water sample ( Fig. 2A) . Thus, these data combined show that pure ice crystallized at (153±1) K on continuous heating and that the heat capacity data rise below this temperature is due to the glass transition and not subjected to error due to slow crystallization on the probe.
The data for c indicates a levelling off at 153 K before crystallization interrupts giving an anomalous increase. The extent to which c would further increase unless crystallization intervened, can be studied using a model for the time-dependence, or frequency dependence [10] , of the heat capacity in the glass transition range. In a simplified description, the heat capacity per unit volume varies with time as: 
